A sensitive capsaicin sensor was constructed based on a poly(sodium 4-styrenesulfonate) functionalized graphite modified screen printed electrode (PSS-Grp/SPE) in this study. The PSS-Grp and poly(diallyldimethylammonium chloride) functionalized graphite (PDDA-Grp) were easily synthesized by interacting Grp with PSS and PDDA through sonication, and resulted in negative and with positive charges on the surface, respectively. The prepared PSS-Grp and PDDA-Grp were characterized by scanning electron microscopy (SEM), transmission electron microscopy (TEM) and ultraviolet and visible spectroscopy (UV-vis). The electrochemical performance of PSS-Grp in a 50 μM capsaicin solution presented a current density of 33 μA cm -2 , which was much higher than the PDDA-Grp of 1.5 μA cm -2 . Our study showed that capsaicin could interact better with strong negative charges on the PSS-Grp/SPE surface to give a higher electrochemical response. The direct electrochemical sensing of capsaicin was achieved at PSS-Grp/SPE using differential pulse stripping voltammetry (DPSV) under the optimized conditions.
Introduction
As the main capsaicinoid in chili peppers, 1 capsaicin (8-methyl-N-vanillyl-trans-6-nonenamide) is responsible for the pungency, flavor and hotness of spicy food. 2 Besides the usage of delicacy in our diet, capsaicin is less well known for its benefits to human health. In the past years, capsaicin has been widely applied in pharmaceutical industry, since it possesses the advantages of high antioxidant power, 3 anti-bacteria, 4 anti-tumor, antimutagenic and anti-carcinogenic. 5 For example, it is usually used as a topical analgesic for the treatment of gastrointestinal chemical hypersensitivity and post-herpetic neuralgia, 6 and as pain-inducing defensive pepper sprays. What is more, capsaicin is gaining more attention for improving the overall health of human beings owning to its effective inhibition of obesity and cholesterol. 7 With the increasing demand of capsaicin in the pharmaceutical industry and our daily diet, a simple and sensitive method for capsaicin determination is indispensable.
"The Scoville Organoleptic Test", created in 1912, is the most conventional method to measure the heat of chili peppers. It is instructed by the level of dilution of the pepper extraction with a sugar solution until volunteers no longer taste the pungency of capsaicin. However, the accuracy of this method has been controversial due to the subjectivity of volunteers, who may have different sensitivity to pungency. 8 To overcome this shortcoming, some instrument assisted techniques were used to measure capsaicin, such as spectroscopy, 9 thin layer chromatography, 10, 11 capillary electrophoresis, 12,13 capillary gas chromatography, 14 gas chromatography-mass spectrometry 15 and high-performance liquid chromatography. [16] [17] [18] [19] [20] Nevertheless, the high cost and complicated processes largely limit their applications of capsaicin detection. Recently, electrochemical analytical methods have attracted much attention of capsaicin determination because of its low cost, good selectivity and high sensitivity. 21 In 2008, Kachoosangi et al. 8 firstly fabricated an electrochemical sensor for capsaicin detection based on a multiwall carbon nanotube modified basal plane pyrolytic graphite electrode. Subsequently, an amino-functionalized mesoporous silica modified carbon paste electrode, 22 borondoped diamond electrodes, 23 mesoporous cellular foams modified carbon paste electrode 24 and a gold nanoparticle/ multiwalled carbon nanotube/glassy carbon electrode 25 were employed to detect capsaicin. Though the mentioned capsaicin sensors have the advantage of good sensitivity, they still suffer from the complicated synthesis process and high cost. To develop a kind of disposable and cheap capsaicin electrochemical sensor, our group has fabricated a novel capsaicin sensor based on Ag/Ag2O-poly(sodium 4-styrenesulfonate)-rGO/screen printed electrode. 26 The prepared electrode exhibits comparable properties in linear range and limit of detection (LOD) in capsaicin detection compared with previous reports. However, the Ag nanoparticles were unstable, and the synthesis process of composites was still troublesome. Furthermore, the LOD for Ag/Ag2O-PSS-rGO/SPE was dissatisfactory. Thus, a simpler and more stable capsaicin sensor with a wider linear range and lower LOD has been continuously needed. Grp is one of the most abundant carbon allotropes that is composed of sp2 hybridized carbon atoms with a π-electronical system. 27 It exhibits high conductivity, a huge specific area and loosely held electrons in graphitic layers, benefit from its unique structure and low cost, Grp has been widely used as a substrate to construct electrochemical sensors and biosensors. [28] [29] [30] To prevent the Grp layers from aggregation and of improve the specific properties, a surfactant is always needed. PSS and poly(diallyldimethylammonium chloride) (PDDA) are two kinds of common electriferous polyelectrolytes, which have been widely applied in the functionalization of graphene and carbon nanotubes on the basis of the π-π conjugation. [28] [29] [30] [31] [32] The catenulate PSS and PDDA could effectively disperse the carbon materials and make their surfaces charged.
In the present work, a sensitive capsaicin sensor was easily fabricated by interacting pristine Grp with PSS and PDDA through sonication, followed by modification onto the treated SPEs. The electrochemical performance towards capsaicin determination of the prepared PSS-Grp/SPE and PDDA-Grp/ SPE were evaluated in a pH 1.0 Britton-Robinson (BR) buffer solution. Cyclic voltammetry (CV) signals and electrochemical impedance spectroscopy (EIS) showed that PSS-Grp/SPE had the best performance for capsaicin determination compared to that of other electrodes. The result could be attributed to the high conductivity of the prepared PSS-Grp and the interattraction between the electronegative PSS/Grp and capsaicin. The electrochemical behavior of capsaicin was explored at the PSS-Grp/SPE under the optimal conditions. The method was finally successfully applied for the quantitative determination of capsaicin in paprika and pod peppers.
Experimental

Reagents and apparatus
Capsaicin, Grp (≥99.95%) and ethanol were purchased from Aladdin Ltd. (Shanghai, China). PSS and PDDA were obtained from Sigma-Aldrich. Chemicals for BR buffer (0.05 M) preparation: boric acid, acetic acid and phosphoric acid, were of analytical grade from Aladdin. The pH of BR was adjusted by a 0.10 M KOH solution. All chemicals were of analytical grade and used without further purification. To prepare the capsaicin stock solution, 0.3054 mg of capsaicin was dissolved in 50/50 (v/v) water/ethanol to make a final volume of 10 mL (1.0 mM).
Electrochemical measurements were performed at an IGS5030 electrochemical workstation (Guangzhou Ingsens Sensor Technology Co., Ltd., China) using a three-electrode system. A bare SPE (3 mm diameter, Guangzhou Ingsens Instruments Co., Ltd., China) or a modified SPE was used as the working electrode. An Ag | AgCl (3.0 M KCl) electrode and a platinum wire were used as the reference and counter electrode, respectively. Chili samples were sonicated using a JY92-2D ultrasonic cell disrupte (Ningbo Scientz Biotechnology Co., Ltd., China). Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) images were obtained using an emission scanning electron microscope (Zeiss, Merlin) and a field emission transmission electron microscopy (JEOL, JEM-2010), respectively. UV-vis spectra were recorded using a Hitachi U-3900H spectro-photometer (Japan).
Preparation of PSS-Grp and PDDA-Grp
Initially, 10 mg of Grp was dispersed in 50 mL of deionized water under sonication. Then, 5 mg of PSS was added into the dispersion, and the mixture was sonicated for 5 h. After that, PSS-Grp was collected by vacuum filtration and dried for over 12 h. PDDA-Grp was prepared in the same way by using 5 μL of PDDA. Finally, 1 mg portions of PSS-Grp, PDDA-Grp and Grp were dispersed in 1 mL of N,N-dimethylformamide (DMF), respectively, to form homogeneous suspensions for following analysis.
Preparation of modified electrodes
Before modification, bare SPEs were activated using CV to remove away impurities by sweeping from -1.0 to 1.0 V in 0.1 M H2SO4 for 40 cycles at a scan rate of 100 mV s -1 , and then rinsed with ethanol and water, successively. 33 The 2-μL of PSS-Grp dispersion was cast on the surface of the activated SPE, and dried under an infrared lamp. PDDA-Grp/SPE and Grp/SPE were prepared alike.
Preparation of chili samples
Chili peppers were obtained from a local supermarket. Since the capsaicin is insoluble in water, ethanol was used to extract capsaicin in chili samples. Briefly, 8.0 g of pod pepper and paprika were cut up and smashed by a mortar, respectively. Then, the mixtures were moved to a 20-mL ethanol solution and sonicated using an Ultrasonic Cell Disrupte for 40 min. The dregs were removed by filtration, and the supernatants were diluted to 50 mL for following analysis.
Electrochemical measurements
CV and DPSV were used to study the electrochemical performance of the prepared electrodes for capsaicin determination in this work. All measurements were performed in 10 mL of a BR buffer solution (pH 1.0). The DPSV was conducted in the range of 0.2 -0.9 V with the following parameters: potential increase, 0.004 V; amplitude, 0.05 V; pulse width, 0.2 s; pulse period, 0.5 s.
Results and Discussion
Characterization
The morphologies of Grp, PDDA-Grp and PSS-Grp were studied by SEM and TEM. As shown in Fig. 1a , the pristine Grp has a in flake-shape with different sizes, ranging from 1 to 5 μm. After functionalization with PSS and PDDA, no obvious changes of the morphologies were observed for PSS-Grp or PDDA-Grp (Figs. 1b -1c) . The TEM images of PSS-Grp and PDDA-Grp in Figs. 1e and 1g also depicte the flake-shape of Grp. In order to investigate the details, a partial of the Grp in Figs. 1e and 1g were studied by high-resolution TEM, and shown in Figs. 1f and 1h , respectively. Not surprisingly, the Grp sheets were found to be wrapped by layers (Figs. 1f and  1h ), which were considered to be the polyelectrolytes of PSS and PDDA, with a typical thickness of about 3 -4 nm. This result was further evidenced by the UV-vis spectra. As displayed in Fig. 1d , the absorption of PDDA-Grp shows a weak and broad peak at a wavelength of 242 nm, which is in keeping with the curve of PDDA. In contrast, the absorption peaks of PSSGrp showed a slight red-shift to 231 nm, and 270 nm compared to the peaks of PSS at 226 nm and 260 nm, respectively, suggesting electronic conjugation between the benzene rings in PSS and the free electrons in Grp. The TEM and UV-Vis results demonstrate the successful attachments of PDDA and PSS on the Grp surface.
Electrochemical behaviors of the modified electrodes
EIS is a valid electrochemical method to probe the electrode behavior after modification. The semicircle part observed at higher frequencies expresses the electron-transfer resistance (Ret) and the linear part at lower frequencies corresponding to the diffusion process. Figure 2A shows Nyquist plots of the bare SPE, Grp/SPE, PDDA-Grp/SPE and PSS-Grp/SPE. The Ret of bare SPE was estimated at 103800 Ω. This value decreased to 48050 Ω, 9807 Ω for PDDA-Grp/SPE and Grp/SPE, which indicated faster electron transfer after being modified with PDDA-Grp and Grp. Notably, no predictable impedance was observed for the PSS-Grp/SPE, suggesting that the negatively charged PSS-Grp significantly accelerated electron exchange between the redox species and electrode surface. Additionally, compared to the linear part at lower frequencies, the maximal slope of PSS-Grp/SPE suggested that PSS-Grp has the largest capacitance and the smallest Warbug impedance than others. This means that it's easier for capsaicin diffusing focus on to the PSS-Grp/SPE surface from the electrolyte solution than to the PDDA-Grp/SPE, Grp/SPE and bare SPE surfaces. Apparently, negatively charged PSS-Grp was promoted, while the positively charged PDDA-Grp lowered the electron transfer and diffusion processes. Figure 2B shows the CV responses of 50 μM capsaicin obtained at bare SPE, Grp/SPE, PSS-Grp/SPE and PDDA-Grp/ SPE in a 0.05 M BR buffer solution (pH 1.0) at a scan rate of 100 mV s -1 . From the CV curve obtained at bare SPE (inset of Fig. 2B ), we can clearly see a sharp oxidation peak at Epa1 = 0.77 V of the first scan (dotted line), as well as a pair of welldefined reversible peaks at Epa2 = 0.58 V and Epc2 = 0.39 V of the second scan (solid line). This phenomenon manifests that capsaicin is oxidized at the first scan to form a carbocation intermediate (Fig. S1 , Supporting Information), followed by an irreversible hydrolysis process of the 2-methoxy group in capsaicin, generating an o-benzoquinone group. Then, the o-benzoquinone group participates in cyclic oxidation-reduction with catechol, which results in peaks II and III observed in the second scan (dotted line)
As depicted in Fig. 2B , the CV curves at bare SPE and PDDAGrp/SPE showed two pairs of quite weak redox peaks. In contrast, the responses of capsaicin at Grp/SPE and PSS-Grp/ SPE were significantly enhanced. The peak separations were found to be 83 and 101 mV for PSS-Grp/SPE and Grp/SPE, respectively. Both of them were significantly larger than the ideal value, referred to the reaction scheme in Fig. S1 , which was estimated at 59.1/2 mV. It is obviously that the prepared electrodes can not achieve an ideal electrochemical activation state, despite the existence of PSS-Grp or Grp, which implies further managements to improve the whole performance of the materials. However, compared with the values obtained at bare SPE and PDDA-Grp/SPE (193 and 173 mV, respectively), the peak separations at PSS-Grp/SPE and Grp/SPE were substantially decreased, indicating a better reversibility at PSSGrp/SPE and Grp/SPE. This result is in accordance with the impedance spectroscopy shown in Fig. 2A . Actually, the negatively charged PSS-Grp has the best electrochemical activity in capsaicin determination. During the determination process, capsaicin was supposed to exist in a positively charged form due to the protonation of hydroxyl and amidogen under a strong acidic condition. Thus, more capsaicin was gathered on the surface of the PSS-Grp/SPE due to the electrostatic interaction between the negatively charged graphite and the positively charged capsaicin (Fig. 3a) .
In addition, less carbocation intermediate formed in the first scan was able to diffuse to the solution under the effect of static electricity. In contrast, only a small portion of capsaicin was accumulated at the PDDA-Grp/SPE surface due to electrostatic repulsion (Fig. 3b) . For the electroneutral Grp/SPE, capsaicin was gathered on the electrode surface just under the effect of an electric field (Fig. 3c) . Therefore, PSS-Grp/SPE was considered to be a potential electrode for the sensitive determination of capsaicin.
Influence of pH for the PSS-Grp/SPE
The effect of the pH on the peak currents and potentials for capsaicin determination were studied by CV over the pH range of 1.0 -9.0 in a BR buffer solution using PSS-Grp/SPE with a scan rate of 100 mV s -1 . As shown in Fig. 4 , with an increased pH value, a decrease of the peak currents of the second scan can be observed. The redox reduction and oxidation peaks of second scans disappeared under neutral and basic conditions due to partial deprotonation of the phenolic moiety in capsaicin at higher pH values. In addition, the peak potential shifted to a higher value upon the increasing pH value, demonstrating that the proton is a significant participator in the oxidation of capsaicin on the PSS-Grp/SPE surface. A linear relationship was obtained between the oxidation peak potential and pH value (inset of Fig. 4 ) with the regression equation: Epa(mV) = 604.4 -61.10 pH (R 2 = 0.994). The slope of -61.10 mV pH -1 (25 C) suggests a two-proton, two-electron process of the electrode reaction of capsaicin according to the Nernst equation, which is agrees with the reaction mechanism mentioned previous. 21 
Influence of the scan rate of the PSS-Grp/SPE
The influence of the scan rate on both the anodic peak and the cathodic peak of 50 μM capsaicin was investigated by CV in a 10 mL BR buffer solution (pH 1.0) using PSS-Grp/SPE (Fig. 5) . As presented in Fig. 5 , the oxidation and reduction peak currents increased linearly with the scan rates over the range of 20 to 500 mV s -1 . This indicated that the redox of capsaicin on the surface of PSS-Grp/SPE is an adsorption-controlled process. The corresponding linear relations can be expressed by the Eqs. (1) and (2):
Electrochemical measurement of capsaicin by DPSV at the PSSGrp/SPE DPSV was used to explore the performance of the as-prepared capsaicin sensor in our work for its lower background current and much higher sensitivity compared to CV. Figure 6 shows the DPSV responses upon successive additions of capsaicin obtained at the PSS-Grp/SPE at the optimized conditions. The oxidation peak current linearly increased with the addition of capsaicin over the concentration range of 0.30 -70 μM. The inset of Fig. 6 depictes the corresponding calibration curve and the regression equation is Ipa(μA) = 0.0045C(μM) + 0.0080 (R 2 = 0.999). The sensitivity was found to be 0.0045 μA μM -1 , along with a detection limit of 0.10 μM (based on S/N = 3). Obviously, compared to the previous Ag/Ag2O-PSS-rGO/SPE, the PSS-Grp/SPE shows a wider linear range and a lower LOD due to the mutual effect of PSS and the stable Grp. These results indicated that the prepared sensor towards capsaicin determination displays a comparable analytical performance to a series of electrodes reported previous (Table 1) .
Reproducibility, stability and selectivity of the prepared sensor
The reproducibility, stability and selectivity of the prepared PSS-Grp/SPE were investigated in this work. Five electrodes were fabricated by the same procedure, and were used to detect 50 μM capsaicin under the same conditions. The relative standard deviation (RSD) of the anodic peak current was approximately 5.23%, which implies the remarkable reproducibility of this method. Furthermore, each of the PSSGrp/SPE was measured again under the same condition after 2 weeks; The average RSD of the response current of each electrode was only 3.40%, revealing the outstanding stability of the electrode.
The result of the selectivity experiment is shown in This result demonstrates that the current changes caused by the possible interfering materials can be neglected, and that the as-prepared sensor has an excellent selectivity of capsaicin.
Determination of capsaicin in chili peppers
The fabricated electrochemical sensor was finally applied to detect capsaicin in real samples. Different concentrations of 0, 5, 10, 15 and 20 μM standard capsaicin solutions were added into chili sample solutions, and then detected using PSS-Grp/ SPE. The capsaicin contents of paprika and pod peppers were measured and converted to Scoville units (1 ppm is about equal to 15 Scoville units), summarized in Table 2 . To evaluate the reliability of the method proposed in our paper, recovery experiments were carried out, the data of which also given in Table 2 . Obviously, the recovery rates range from 98.0 to 101.0%, which suggests a potential application of this cheap electrode for capsaicin detection in the future.
Conclusions
In summary, a sensitive electrochemical sensor towards capsaicin was fabricated based on electronegative PSS-Grp/ SPE. The sensor exhibits excellent electrochemical activity for capsaicin detection, better than that of the electroneutral Grp/ SPE and the electropositive PDDA-Grp/SPE under the same condition, which can probably be ascribed to the high conductivity of PSS-Grp and the mutual attraction between the negatively charged PSS-Grp and capsaicin. In contrast to the Ag/Ag2O-PSS-rGO/SPE reported previously, the cost-efficient PSS-Grp/SPE has greater stability, and shows a wider linear range, lower LOD as well as higher selectivity. The obtained result implies a promising application of this low-cost and sensitive sensor for capsaicin determination in the future. 
